Abstract -As PV penetration on the distribution system increases, there is growing concern about how much PV each feeder can handle. A total of 14 medium-voltage distributions feeders from two utilities have been analyzed in detail for their individual PV hosting capacity and the locational PV hosting capacity at all the buses on the feeder. This paper discusses methods for analyzing PV interconnections with advanced simulation methods to study feeder and location-specific impacts of PV to determine the locational PV hosting capacity and optimal siting of PV. Investigating the locational PV hosting capacity expands the conventional analytical methods that study only the worst-case PV scenario. Previous methods are also extended to include single-phase PV systems, especially focusing on long single-phase laterals. Finally, the benefits of smart inverters with volt-var is analyzed to demonstrate the improvements in hosting capacity.
I. INTRODUCTION
Large PV installations on the distribution system can have many potential impacts to local customer power quality and reliability, such as high or low voltages, system losses, harmonics, increased wear to regulation equipment, voltage flicker, and system protection. The concept of hosting capacity (HC) [1] is used to study how much PV can be placed on a feeder before negative issues are caused to normal distribution system operation and power quality [2] [3] [4] [5] . This paper also investigates locational hosting capacity (LHC) [6, 7] to determine the largest PV size that can be interconnected at different locations (buses) on the study feeders. Detailed LHC analysis shows the maximum amount of PV that can be placed throughout the feeder, and under what conditions various types of violations occur. This paper discusses advanced simulation methods for analyzing PV interconnections and the locational hosting capacity demonstrates optimal locations for siting future PV interconnections to minimize their impacts. The algorithms are demonstrated for two utilities. Seven distribution systems were selected from each utility, and comprehensive results are provided in this paper. Analysis was also performed for how advanced inverters with volt-var would increase the hosting capacity of the feeders. For rural feeders, over-voltages caused by PV at the end of the long lightly-loaded feeders is a major issue. The results show that many locations on the feeder can handle twice as much PV (100% increase in hosting capacity) if advanced inverters with volt-var are installed.
II. DISTRIBUTION SYSTEMS ANALYZED
Sandia worked with two utilities to identify appropriate feeders for the study and to ensure both utilities could transfer the amount and type of data needed (e.g., substation SCADA data, including current, voltage, MW, MVAR, status of regulator taps, etc.). Utility A provided their models in Milsoft format that was then converted to OpenDSS. Utility B provided their models in CYME format that was also converted to OpenDSS for analysis. Both utilities provided massive amounts of data, including substation SCADA measurements, MV90 data, DG databases, GIS information, and some low-voltage secondary system models and high-resolution GPS coordinates for the AMI meters.
III. FEEDER HOSTING CAPACITY ANALYSIS
Each of the study feeders is analyzed using a detailed locational hosting capacity analysis. The methodology in [6, 8] is used to investigate a large number of potential PV scenarios (combinations of PV size and location) in OpenDSS [9] . On average, there are around 40,000 PV scenarios analyzed per feeder. For each PV scenario, a series of simulations is performed to determine if that particular scenario would cause issues on the distribution system. The simulations include a range of load values that occur during daytime hours throughout the year, a range of feeder states as far as regulation equipment taps and switching capacitor states, and simulation of extreme PV output ramps. Steady-state voltage violations are determined using ANSI C84.1, thermal violations are defined by the component's amp rating, and temporary voltage violations are determined using the ITIC (CBEMA) curve. For more details on the analysis methodology and comparison with other HC algorithms see [6, 8] .
Using the detailed simulation results, the PV size is increased at locations around the feeder until an issue or violation occurs on the feeder that impacts the power system quality or operation. The maximum amount of PV that can be placed at each location on the feeder is the locational hosting capacity (LHC). The hosting capacity (HC) of the feeder is the largest amount of PV that can be placed anywhere on the feeder, which is equivalent to the lowest LHC of the feeder.
The previously developed PV hosting capacity methodology was modified to provide more detailed analysis into the hosting capacity of single-phase lateral. For some of the very rural feeders, there can be large sections of single-phase, as seen in 
SIMULATION RESULTS
The locational hosting capacity for single-phase distributed PV for all seven study feeders from Utility A is shown in Figure  3 . Note that many of these are lightly-loaded rural feeders, and there could be 20 km of distance between a PV interconnection and the substation, so the amount of PV that can be interconnected is generally very small. The distance and light loading also means that most of the locational hosting capacities are limited due to over-voltage violations. The full paper will include individual details about each feeder, including the number of customers, peak and minimum load, distances, capacitor sizes and locations, regulator locations and controls, and voltage profiles for each circuit.
The locational hosting capacity analysis goes beyond the first issue that can be caused by PV in order to understand the next level of impacts and identify appropriate impact mitigation strategies. For example, the PV impact for the first feeder in Figure 3 is shown in Figure 4 . This demonstrates if the overvoltage issues were mitigated many locations on the feeder (yaxis) could increase their locational hosting capacity (x-axis) more than 1MW before a second issue occurred. An analysis was also performed for how advanced inverters with volt-var would increase the hosting capacity of the feeders. As seen in the previous figures, over-voltages caused by PV at the end of the long lightly-loaded feeders is a major issue. The detailed hosting capacity analysis was performed a second time under the assumption that each PV inverter is oversized 10% compared to the PV DC power rating and that the inverters had advanced inverter controls with the volt-var curve shown in Figure 5 . Example results are shown for one of the Utility A feeders for PV with volt-var capabilities. Figure 6 shows the percent increase in locational hosting capacity for each location when using volt-var. Figure 7 shows the percent increase for all locations on the feeder, demonstrating that many locations can handle twice as much PV (100% increase in hosting capacity) if advanced inverters with volt-var are installed. 
VI. CONCLUSIONS
A total of 14 medium-voltage distributions feeders from two utilities have been analyzed in detail for their individual PV hosting capacity and the locational PV hosting capacity at all the buses on the feeder. This report discusses methods for analyzing location-specific impacts of PV to determine the locational PV hosting capacity and optimal siting of PV. This analysis goes beyond previous work to include analysis of single-phase distributed PV and the advantages of adding voltvar. The final paper will provide the more detailed results for all 14 feeders. Comparisons will be drawn between the two utilities, along with the circumstances for when volt-var is most advantageous. The detailed information in this paper will provide new insights, especially for co-ops and other rural lightly loaded feeders. 978-1-5386-8529-7/18/$31.00 ©2018 IEEE
